worldwide. Approximately 85% of all deaths from cardiovascular disease are due to acute myocardial infarction (AMI) and stroke. Strokes are associated with high mortality, and 15% to 30% of patients have permanent disability. 1 Although biomarkers like cardiac TnT (troponin T; cTnT) and creatine kinase (CK) are successfully used for diagnosis of AMI, there is an ongoing need for markers that, for example, help identify patients with vulnerable plaques. In addition, no biomarker exists for the diagnosis of stroke or the identification of patients at higher risk for stroke. 1 Atherosclerosis is the underlying cause of most cardiovascular disease and involves plaque formation, intima thickening caused by lipid deposition, inflammation, and thickening of the arterial wall. 2, 3 The plaque development starts with early atherosclerotic lesions and proceeds to advanced atherosclerotic lesions, which can evolve into complicated and unstable vulnerable plaques. Vulnerable plaques prone to rupture have intraplaque hemorrhage, apoptosis, and calcification. Rupture of unstable plaques causes atherothrombogenic events and leads to severe clinical symptoms. 2 Oxidative modifications of LDL (low-density lipoprotein) to oxidized LDL (oxLDL) play an important role in the initiation and progression of atherosclerosis. OxLDL promotes foam cell and fatty streak formation, induces proinflammatory pathways, triggers vascular smooth muscle cell migration and proliferation, and induces cell death and apoptosis. Thus, oxLDL contributes to plaque growth and instability. 2 Several oxLDL receptors have been described. LOX-1 (lectin-like oxLDL receptor 1) was identified as the major oxLDL receptor in endothelial cells. 4 In early atherosclerotic lesions, LOX-1 is mainly expressed in endothelial cells but extends its expression to smooth muscle cells and macrophages in advanced lesions. 5, 6 Under physiological conditions, LOX-1 expression is very low, but its expression increases in response to oxLDL, proinflammatory cytokines, pro-oxidative and biomechanical stimuli. [6] [7] [8] [9] [10] LOX-1 activation promotes secretion of proinflammatory cytokines and reactive oxygen species formation. 6, 10 Furthermore, LOX-1 deletion reduces MMP-2 (matrix metalloproteinase 2) and MMP-9 in atherosclerotic lesions, whereas activation of oxLDL-LOX-1 pathways increases MMP activity. [11] [12] [13] This connects LOX-1 to advanced lesion formation and plaque vulnerability. 6, 14, 15 LOX-1 expression is increased in experimental and clinical studies of hypertension, myocardial infarction, carotid artery atherosclerosis, type 2 diabetes mellitus, and obesity. 5, [16] [17] [18] [19] A soluble form of LOX-1 (sLOX-1) has been identified and is generated by ectodomain shedding. This process is triggered by oxLDL, CRP (C-reactive protein), TNF-a (tumor necrosis factor a), IL-8 (interleukin-8), and IL-18 and mediated by the action of MMPs and ADAMs (a disintegrin and metalloproteinase; Figure 1 ). [20] [21] [22] A large number of studies have demonstrated the diagnostic potential of sLOX-1 regarding severity of stable coronary artery disease (CAD) and acute coronary syndrome (ACS), even allowing discrimination between different types of AMI. 17, [23] [24] [25] [26] Furthermore, sLOX-1 concentrations are increased in ischemic and hemorrhagic stroke, and patients with high sLOX-1 levels have an increased risk of future clinical events. 22, 27, 28 Quantification of sLOX-1 might be an interesting novel biomarker to improve the diagnosis of patients at risk.
Acute aortic dissection (AAD) is a life-threatening disease caused by a tear in the vessel wall. Risk factors are poorly controlled hypertension, age, and male sex. 29, 30 LOX-1 expression is increased in hypertension. 6 Impaired aortic vascular function has been described in mouse models. 31 Furthermore, effects on smooth muscle cell apoptosis were Figure 1 . Generation of sLOX-1 (soluble lectin-like oxidized low-density lipoprotein receptor 1) from the membrane-bound form. LOX-1 expression is found on endothelial cells, smooth muscle cells, macrophages, platelets, and nonvascular cells. Proinflammatory mediators oxidized LDL (oxLDL), CRP (C-reactive protein), IL-8 (interleukin 8), IL-18, or TNF-a (tumor necrosis factor a) induce the shedding of cell-membrane-bound LOX-1. This process involves reactive oxygen species (ROS) and the activation of matrix-degrading enzymes ADAMs (a disintegrin and metalloprotease) and MMPs (matrix metalloproteases). ROS are generated by different enzymatic sources in vascular cells. Their formation is increased on activation of LOX-1 and direct effects of oxLDL or TNF-a on ROS producing enzymes. The proteolytic cleavage in the extracellular neck domain of membrane-bound LOX-1 leads to the release of the shorter sLOX-1. Elevated sLOX-1 concentrations are shown in stable coronary artery disease (CAD), acute myocardial infarction (AMI), stroke, and acute aortic dissections (AAD). Proinflammatory mediators that stimulate sLOX-1 release are increased in atherosclerosis, hypertension, hyperlipidemia or type 2 diabetes mellitus. In addition, sLOX-1 may even present a pathophysiologic link among these diseases. Interpretation of results has to involve adjustment for other comorbidities and pharmacologic therapy with statins, angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor II type 1 (ATR 1 ) blockers, or calcium channel blockers that might affect LOX-1 expression and sLOX-1 release. Figure adapted N-terminal cytoplasmic domain, a connecting neck domain, a transmembrane domain, and the lectin-like ligand binding domain, located extracellularly at the C-terminus. 16, 43 Detailed analysis showed that PMSF (phenylmethylsulfonyl fluoride)-sensitive serine proteases cleave at 2 possible sites in the LOX-1 extracellularly located neck domain. 20, 34, 44 In this study, PMSF was applied to cultured cells. Therefore, it is difficult to conclude that only PMSF-sensitive proteases cleave LOX-1 because most studies emphasize the importance of MMPs in this context. A PMSF-sensitive process might be involved in sLOX-1 generation but rather in an indirect way. A cleavage site between Arg88 and Gln89 has been identified in the human LOX-1 protein. This cleavage site is located between 2 stable and highly conserved regions at the beginning of a flexible region. Increases in flexibility are mainly due to the replacement of hydrophobic amino acid residues in polar or charged amino acids, thereby mediating the proteolytic attack. 44 It has been postulated that elevations in sLOX-1 may reflect increased expression of the membrane-bound form. 20, 24 However, no clear correlation between plasma sLOX-1 and plaque LOX-1 mRNA expression was demonstrated in carotid atherosclerosis. 28 One explanation could be that sLOX-1 is generated not only from atherosclerotic carotid arteries but also from other atherosclerotic vessels 45 and nonvascular cells. 46, 47 Instead of correlations with tissue LOX-1 expression, positive correlations between markers of macrophages and endothelial cells were found. 28 Therefore, sLOX-1 might be an inflammatory marker and a surrogate marker of tissue expression. In vulnerable atherosclerotic plaques, LOX-1 is dominantly expressed in smooth muscle cells and macrophages and contributes to apoptosis and production of MMPs. 12, 13, 23 MMPs are involved in the proteolytic cleavage of cell surfaceexpressed LOX-1 and thus may represent a possible link between tissue LOX-1 and sLOX-1. 21, 23 Ectodomain shedding is a proteolytic process at transmembrane proteins that is driven by catalytically active ADAMs. The function of ectodomain shedding is the modulation of signaling pathways between host and neighboring cells by downregulating the expression of cell surface receptors or by increasing their soluble ligands. 48 For sLOX-1, the proinflammatory cytokines TNF-a, IL-8, 28 IL-18, 49 and CRP 50 are known to stimulate its release. In macrophages, CRP stimulated sLOX-1 release by a mechanism involving p47 phox phosphorylation, production of reactive oxygen species, and activation of TACE (TNF-a converting enzyme; also known as ADAM-17). 50 ADAM-10 is also involved in the shedding of membrane-bound LOX-1. 49 In endothelial cells, soluble sMMP-1 and/or sMMP-2 is secreted and may induce LOX-1 ectodomain shedding. 21 In addition, depletion of membrane cholesterol (eg, by statins) enhances the release of full-length LOX-1 and sLOX-1 in exosomes that originated from endothelial cells. 21 Although many of these studies revealed contributions of MMPs and ADAMs in the shedding of sLOX-1, no direct evidence shows that these enzyme mediate the cleavage of LOX-1. It is possible that they act as activators of the real and, to date, unknown proteases. A recent study provided evidence that oxLDL induces the release of sLOX-1 from endothelial cells, supporting the fact that sLOX-1 originates from cells that were pre-exposed to oxLDL. 22 Interestingly, the authors demonstrated that native LDL, VLDL (very low-density lipoprotein), HDL (high-density lipoprotein), TGF-b (transforming growth factor b) and IL-1b had no effect on sLOX-1 in endothelial cells. 22 
Methods for Quantification of sLOX-1 and Interpretation of Results
Most of the previous studies used a "self-made" sandwich ELISA with 2 different anti-human LOX-1 polyclonal antibodies. Antibodies were raised against the extracellular domain of LOX-1. The capture antibody was coated on the plates, and the other was fragmented into Fab, with labeling of horseradish peroxidase for enzymatic quantification. In this assay, the lower limit of the detection was 0.5 ng/mL (500 pg/mL). A major disadvantage was the missing ability to detect sLOX-1 in healthy patients. Therefore, Nakamura and colleagues developed a chemiluminescent enzyme immunoassay. This assay uses a combination of 2 different monoclonal antibodies and could detect sLOX-1 at concentrations as low as 8 pg/mL. 51 This assay was used by the majority of subsequent studies in patients with CAD, ACS, or AAD. Several commercially available ELISA kits exist. Their sensitivity is in the range of 1 to 5 pg/mL. Besides high sensitivity, a major advantage is the low interassay variation during analysis of a high numbers of patients. Markstadt et al discussed LOX-1 cleavage at the 187 residue in the neck domain. Elevated sLOX-1 levels could be caused by cleavage of the cell-bound LOX-1 at the same site. 22 Furthermore, mechanical cleavage during tissue disruption may contribute to sLOX-1 in tissue homogenates. 22 Potential crossreactivity of sLOX-1 antibodies with oxLDL was analyzed. Zhao et al added high concentrations of oxLDL and found no interference. 50 To exclude this possibility, oxLDL should be added to the analyzed matrix while using the ELISAs for the first time.
Finally, careful interpretation of findings is necessary with respect to comorbidities and medical treatments. Because sLOX-1 is increased in obesity, type 2 diabetes mellitus, metabolic syndrome, and peripheral artery disease, 17, 45, [52] [53] [54] adjustment of findings to these comorbidities is important. In addition, in vitro and in vivo studies revealed that LOX-1 expression is affected by angiotensin-converting enzyme inhibitors, 55, 56 angiotensin II receptor type 1 blockers, 57 and statins. [57] [58] [59] These pharmacologic therapies may also have an impact on sLOX-1 concentrations.
Is Soluble LOX-1 a Diagnostic, Prognostic or Inflammatory Marker in Patients With CAD and MI?
The evaluation of patients with suspected CAD and its acute complications involves assessment of risk factors (age, sex, weight, blood pressure, plasma lipids, or smoking) and imaging tools in combination with biochemical laboratory markers. 60 The most common strategy is coronary angiography (CAG), providing a high diagnostic specify. Nonetheless, this technique is invasive, expensive, might involve clinical complications and in rare cases, the death of patients. Measurement of cTnT or cardiac TnI (troponin I), FABP (fatty acid-binding protein) or CK and CK-muscle/brain (CK-MB) are routinely used in combination with CAG. 61, 62 These markers are released after cardiomyocyte injury and used for the diagnosis of AMI in patients with chest pain. 60 The marker cTnT is widely used in diagnosing AMI and predicting death. 61, 62 It is highly specific and sensitive for cardiac injury. Elevations in cTnT are associated with a nearly 90% frequency of CAD detected by CAG. 61 Because cTnT or CK are released after ischemic injury, neither is useful in detecting plaque vulnerability or plaque rupture at a stage before myocardial damage. Developing markers that reflect plaque instability and rupture would allow diagnosis at early stages before ACS becomes clinically apparent. 23 In recent years, novel risk markers have been developed in the cardiovascular field. 60 IL-6, CRP, monocyte subsets, and microRNAs, for example, are under intensive investigation. However, there are still controversies about confounding factors, methodological limitations, and statistics used for data analysis. 60 In addition, several specific requirements are necessary to make tests reliable and useful in clinics, involving test sensitivity, specificity, potential to make a correct diagnosis, and "pretest probability" that match noninvasive findings with imaging or descriptions of clinical symptoms. 63 Stable CAD encompasses patients who have stable angina pectoris, patients with CAD-related symptoms who become asymptomatic because of medical treatments, and those who reported symptoms for the first time but are in a chronic stable condition. 64 A typical symptom of stable CAD is chest discomfort during exercise, emotions, or other stressors. The symptoms are caused by a mismatch between myocardial oxygen demand and supply. 64 Basic assessments involve fasting lipid profile, screening for type 2 diabetes mellitus, estimation of renal function, resting ECG, and transthoracic echocardiography. 64 Low concentrations of TnT have good prognostic value in patients with stable CAD but require ultrasensitive laboratory assays. 64 No additional prognostic markers are recommended to manage patients with stable CAD. 64 Lubrano and colleagues analyzed 60 patients with CAD who underwent coronary catheterization. Their study showed elevated sLOX-1, which tended to be increased with the severity of CAD, reflected by the number of affected vessels (control: 268 pg/mL, n=29; 1-2 diseased vessels: 611 pg/ mL, n=30; 3-4 diseased vessels: 2143 pg/mL, n=30). Furthermore, sLOX-1 positively correlated with TNF-a, IL-6, CRP, and age. 34 A cross-sectional study by Zhao et al measured %2.8-fold higher sLOX-1 levels in patients with ACS (1.610 ng/mL, n=58) compared with stable CAD (0.579 ng/mL, n=122). 26 In ACS patients, sLOX-1 positively correlated with the number of complex coronary lesions and was independently associated with the presence of multiple complex lesions (odds ratio: 1.967). It is known that the type of lesion predicts plaque vulnerability. 24, 26 Interestingly, sLOX-1 was 2-fold higher in patients with complex lesions (n=50) compared with simple lesions (0.914 versus 0.426 pg/mL, n=72). In addition, sLOX-1 was an independent predictor of complex lesions (odds ratio: 1.964), as demonstrated by multivariate analysis. 26 Limitations were the exclusion of patients with type 2 diabetes mellitus and the rather small sample size. 26 Patients with atherosclerosis in the proximal or middle segment of the left anterior descending artery (LAD) represent a high-risk subgroup in CAD. Balin et al showed 1.5-fold elevated sLOX-1 (1.07AE0.33 ng/mL) in patients with proximal-or middle-segment atherosclerosis compared with distal lesions (0.70AE0.17 ng/mL). 35 Interestingly, sLOX-1 allowed identification of plaques in the proximal segment and thus may represent a predictor of plaque vulnerability in patients with stable CAD. 35 Lesions in the proximal segment become clinically more apparent than those in distal segments. Although the numbers of patients were limited (n=51-64), this finding underscores the importance of sLOX-1 as a potential predictor of the complexity of coronary lesions. Another study enrolled 94 patients with suspected CAD who underwent CAG and demonstrated positive correlations between sLOX-1 and markers of oxidative stress (extracellular superoxide dismutase and 8-isoprostane). 65 This study suggests, that sLOX-1 levels may reflect increased vascular oxidative stress. However, no correlations were observed among sLOX-1, high-sensitivity CRP (hs-CRP), or brain natriuretic peptide. 65 ACS occurs by myocardial ischemia in patients with CAD. Unstable angina pectoris, non-ST-segment-elevation MI (NSTEMI) and ST-segment-elevation MI (STEMI) are part of ACS. 66 Although the clinical symptoms have the same underlying mechanism, a specific diagnosis is required to separate patients with the overall symptom of chest pain. MI is defined as myocardial cell death due to prolonged ischemia and diagnosed by ECG changes and monitored using the rise and/or fall of cardiac troponin levels. 66 Cardiac troponins are the most commonly used biomarker and their high-sensitivity assays are recommend for clinical use. 66 Concentrations of TnT peak 4 hours after the onset of symptoms. Before this period, negative results may be obtained. 39 In addition, TnT remains high for several days, making it difficult to detect recurrent MI. Because of the shorter half-life, CK-MB is often used for detection of reinfarction and periprocedural MI. 67 An adequate diagnosis of MI requires a specific description of the patient's symptoms, detection of ischemic ECG changes, echocardiography for wall motion abnormalities, and identification of the thrombus by CAG. 66 The most common treatments are revascularization by percutaneous coronary intervention (PCI) or coronary artery bypass grafting. 68 A large-scale study analyzing the relevance of sLOX-1 in CAD patients was conducted by Hayashida and colleagues in 2005. 23 This study demonstrated elevated sLOX-1 in patients with ACS (n=80) compared with those with intact coronary arteries (n=52), controlled coronary heart disease (n=122), and stable angina pectoris (n=173). Serum sLOX-1 distinguished patients with ACS from those with non-ACS (odds ratio: 1.51) and identified patients before the typical TnT increase. In a second study, sLOX-1 and TnT were serially analyzed in 40 patients with ACS. Blood was taken on admission to the emergency room (ER), after PCI, and at days 1, 3, 5, and 7. Levels of sLOX-1 peaked on admission to the ER and after PCI, whereas TnT peaked on day 1. Interestingly, sLOX-1 did not correlate with TnT or CK-MB. The authors concluded that sLOX-1 is not a marker for cardiomyocyte injury and may again reflect plaque stability before myocardial damage. 23 This study clearly emphasized the potential of sLOX-1 as an early marker for detection of plaque vulnerability before elevations of TnT. 69 Significant differences in sLOX-1 have been shown in ACS with (n=116) and without (n=44) ST-segment elevation. The highest concentrations were found in those with STEMI (median: 259.0 pg/mL) compared with those with NSTEMI (median: 143.9 pg/mL) and without ACS (median: 104.1 pg/ mL). Interestingly, hs-TnT did not differ between STEMI and NSTEMI at this early stage of ACS, 37 which supports the concept of sLOX-1 as an early marker of ACS. Over time, sLOX-1 declined after onset of pain and arrival at the ER, whereas hs-TnT levels increased. 37 The authors concluded that sLOX-1 and hs-TnT alone did not have the diagnostic accuracy to determine early stages of ACS, but a combination of both parameters may be useful. 37 A study by Kume and colleagues showed a similar increase in sLOX-1 in patients with ACS (n=18) versus without ACS (n=89). 25 Compared with TnT or heart-type FABP, sLOX-1 had the highest sensitivity and specificity to diagnose ACS. It was detectable even without elevations of TnT. No correlations of sLOX-1 with age, total cholesterol, triglycerides, and LDL cholesterol were found. In addition, sLOX-1 did not correlate with TnT or heart-type FABP. 24, 25 A major limitation was the small number of patients, but this study highlights the role of LOX-1 in diagnosis of early ACS without an TnT increase. In addition, these data suggest that sLOX-1 is important in the late stages of CAD, where atherosclerotic plaques are prone to rupture, and not during the early stages of initiation and progression of atherosclerosis, for which risk factors play a central role.
Further studies were conducted to evaluate the role of sLOX-1 in early stages of AMI. Elevated sLOX-1 levels have been demonstrated in patients with STEMI (241.0 pg/mL, n=125) compared with those with NSTEMI (147.3 pg/mL, n=44) and without AMI (64.3 pg/mL, n=125). In contrast to other studies of CAD, 26 sLOX-1 was not affected by the number of diseased vessels. The second part of this study analyzed time-dependent changes in sLOX-1. The highest concentrations were found between the onset of symptoms and arrival at the ER. TnT and CK-MB increased 6 hours after arrival at the ER. 39 At this early stage of STEMI, sLOX-1 had high sensitivity for diagnosis of ACS. 24, 39 The authors concluded that sLOX-1 is not a marker of cardiomyocyte injury but rather reflects plaque instability. In summary, sLOX-1 may help improve diagnosis in the early stage of ACS. 39 Additional studies were performed to analyze a putative link between sLOX-1 and plaque vulnerability. A study in patients with ACS (n=128) showed elevated sLOX-1 in case of ruptured compared with nonruptured plaques and stable angina pectoris (n=20). Plaque morphology was examined in coronary vessels by optical coherence tomography, and patients were categorized according to ACS with and without plaque rupture. Interestingly, sLOX-1 correlated with peak values for CK-MB, but no correlation was found for hs-CRP and hs-TnT. Again, sLOX-1 was able to distinguish between patients with STEMI and NSTEMI. Multivariate analysis revealed independent associations between sLOX-1 and plaque rupture. 36 In addition, an inverse correlation between sLOX-1 and thickness of the fibrous cap was found. Overall, sLOX-1 had the highest sensitivity and specificity to detect patients with thin-cap fibroatheroma. The authors concluded that sLOX-1 is a marker for evaluation of plaque vulnerability and for differentiation of patients with and without plaque rupture in the ER. The release of sLOX-1 may precede plaque rupture and myocardial damage. Therefore, sLOX-1 might be a marker to identify patients with an increased risk of plaque rupture. 24, 36 PCI is one of the most common strategies for revascularization of coronary arteries in ACS and can be associated with periprocedural complications, like PCI-related periprocedural MI (PCI-RPMI). 70 Patients who underwent single-vessel PCI (n=214) were divided into groups with (n=33) and without (n=181) RPMI. Levels of sLOX-1, TnT, CK, and CK-MB were higher in PCI-RPMI (167AE89 versus 99AE68 pg/mL), and sLOX-1 correlated with CK-MB, CK, and TnT. 38 The authors conclude that sLOX-1 might help identify patients at increased risk for RPMI before PCI. However, sLOX-1 correlated with CK and CK-MB levels 38 that are used successfully in the clinics for identifying reinfarctions. In this context, sLOX-1 alone might have no additional benefit.
Other studies considered sLOX-1 as a potent predictor for recurrence or death of ACS. 40 Kume et al analyzed patients who underwent PCI and were subsequently followed for a median of 896 days. They found that sLOX-1 did not correlate with total cholesterol, triglycerides, HDL cholesterol, hs-CRP, or TnT and classical risk factors, inflammatory biomarkers, and markers of cardiomyocyte injury. Their most important finding showed that patients with recurrent ACS or ACSrelated death had higher sLOX-1 than event-free patients. This result was not observed for TnT or hs-CRP. Patients in the upper quartile or tertile of sLOX-1 had greater prevalence and earlier incidence of recurrent ACS or death than in the eventfree survival group. In summary, the study by Kume et al showed the highest sensitivity and specificity for sLOX-1 in the prediction of recurrence or death after acute-stage ACS compared with TnT or hs-CRP. 24, 25 Unfortunately, limitations of this single-center study were the small number of patients and the missing analysis of patients in the chronic stage after ACS (without death or recurrence) and with stable CAD. 25 The majority of studies analyzed sLOX-1 in stable CAD and ACS with different types of MI. Results showed that sLOX-1 correlated with the complicity of coronary artery lesions, allowed identification of plaques at different segments of coronary arteries, was independently associated with plaque rupture, and predicted the risk of recurrent ACS or ACSrelated death. The majority of studies demonstrated that sLOX-1 is not a marker for cardiomyocyte injury because it increases earlier than TnT. sLOX-1 seems to be rather a marker for plaque stability that allows identifying patients with vulnerable plaques. Consequently, measuring sLOX-1 would be suitable in patients with stable CAD to identify those with high risk for developing ACS (Figure 2 ). However, this recommendation needs larger studies and the use of imaging techniques, for example, to measure the thickness of the fibrous cap. The field of sLOX-1 research in CAD started to grow in recent years. Whether sLOX-1 will be used a useful diagnostic tool in the clinical setting will be decided in future studies involving more patients, novel imaging tools, and laboratory markers. However, it is not well understood whether sLOX-1 originating from tissue LOX-1 in atherosclerotic plaques provides the only explanation for systemic concentrations. Furthermore, the detailed mechanism of how sLOX-1 increases in ACS is still missing. Addressing these open questions would help strengthen the clinical perspective of sLOX-1.
Is sLOX-1 a Promising Biomarker in Patients With Stroke?
Stroke is the third leading cause of morbidity and mortality in Western industrialized countries. Patients who survive a stroke have an increased risk of having more strokes within the subsequent 5 years. 1 Strokes are classified as ischemic or hemorrhagic. Most patients have ischemic strokes, which are caused by intracranial thrombosis or extracranial embolism. Intracranial thrombosis results from atherosclerosis in intracranial arteries (eg, middle meningeal artery), whereas extracranial embolism arises in extracranial arteries (eg, carotid arteries) or from the myocardium (cardioembolic). 1 Intracerebral hemorrhage (ICH) is caused by weakened cerebral vessels that rupture and form hematomas. 1 Diagnosis uses the National Institute of Health Stroke Scale (NIHSS), which quantifies clinical neurologic deficits and imaging techniques (computed tomography, magnetic resonance imaging) for detecting early infarction, localization, the degree of the infarct, and the vascular distribution. 1 To date, no useful biomarker is available that provides additional information for the clinical diagnosis. 1 An ideal biomarker has good diagnostic specify and sensitivity, is able to differentiate between hemorrhagic and ischemic stroke, increases early, is stable after the infarction, and has a known time frame for clearance. Furthermore, the biomarker has the potential to identify patients at high risk for further events and helps guide them to the right therapy. Finally, quantification should be fast, easy, and cost-effective. 1 A potential biomarker in this context could be a protein that is induced or regulated by oxidative stress. Oxidative stress is present within the first hours after stroke. Furthermore, LOX-1 as a receptor of oxLDL is expressed in atherosclerotic carotid arteries. 5, 71, 72 Therefore, sLOX-1 might be generated from an increased membrane-bound form of LOX-1 and could be increased in stroke. A first crosssectional study by Yokota et al analyzed 377 patients of whom 250 had ischemic stroke and 127 had ICH. Control patients were age-and sex-matched without a history of cardiovascular disease. Levels of sLOX-1 were higher in those with ischemic stroke (526 versus 486 ng/L in controls) and ICH (720 versus 513 ng/L in controls). Differentiation of ischemic stroke revealed increased sLOX-1 in atherothrombotic stroke (641 versus 496 ng/L controls). Cardioembolic stroke and lacunar infarction did not show any differences compared with controls. After adjusting for age, sex, and hypertension, ischemic stroke was independently associated with high levels of sLOX-1. 27 These findings support the hypothesis that increases in sLOX-1 are caused by the number of atherosclerotic plaques and are not a consequence of ischemic stroke. However, the study by Yokota et al lacks artery disease (CAD) and acute aortic dissection (AAD). sLOX-1 was demonstrated to be elevated in acute coronary syndrome (ACS), especially in the early phase before elevations of cardiac troponin (TnT). Patients with ST-segment-elevation myocardial infarction (STEMI) had higher sLOX-1 than those with non-STEMI (NSTEMI). sLOX-1 was an indicator for plaque stability and thickness of the fibrous cap of coronary artery plaques. Concentrations of sLOX-1 could predict reinfarction or death due to ACS. Patients with myocardial infarction (MI) after undergoing percutaneous coronary intervention (PCI) had higher sLOX-1. In stable CAD, sLOX-1 reflected the number of affected vessels and was an indicator for the complicity of lesions. sLOX-1 was higher in patients with AAD compared with controls and with NSTEMI. sLOX-1 had comparable specificity and sensitivity to TnT in discriminating between AAD and NSTEMI. Figure adapted statistical power (eg, for discrimination between different types of ischemic stroke) and might reflect variations in the small groups of patients. 27 In addition, the time frame of blood sampling, which was 3 days after admission to the hospital, might be too late and underestimate sLOX-1 peak levels. 27 Huang and colleagues screened 148 patients with acute ischemic stroke with the subtype of large-artery atherosclerosis. Concentrations of sLOX-1 were elevated compared with corresponding controls (2.48AE0.93 versus 2.22AE0.79 ng/mL), and sLOX-1 was an independent predictor of patients' outcomes. 73 Similar results were demonstrated by Li et al after screening 272 patients with ischemic stroke, in whom sLOX-1 was elevated with severe stroke compared with mild stroke. The follow-up revealed poor outcomes in patients with high sLOX-1. 74 However, this study has several limitations, such as small sample size, singlecenter study design, and lack of data from different stages of ischemic stroke. In addition, the follow-up did not account for rehabilitation, which might affect the results. 74 In addition, the long sampling time (up to 72 hours) might have missed sLOX-1 peak values.
Recently, Skarpengland et al analyzed plasma sLOX-1 in patients with moderate (50-69%) and severe (≥70%) carotid artery stenosis. Depending on preoperative symptoms, patients were classified into ischemic stroke or transient ischemic attack for <7 days (n=35), >7 days to ≤3 months (n=90), >3 months (n=40), or no reported symptoms (asymptomatic, n=67). The authors demonstrated that patients with carotid artery atherosclerosis had higher sLOX-1 than agematched controls (0.67 versus 0.99 ng/mL). However, sLOX-1 was not able to discriminate the different subgroups of patients and did not differ between transient ischemic attack and ischemic stroke. The authors concluded that the increase in sLOX-1 might arise from the chronic atherosclerotic process in carotid artery plaques and is not related to the severity. 28 Further limitations are the lack of longitudinal data and the missing association between sLOX-1 and the prediction of future ischemic events. In addition, the time frame between the onset of symptoms and blood sampling is a critical issue 28 because it is important to determine sLOX-1 peak values, half-life time, and clearance from the circulation. In 2010, Inoue et al published the first large cohort study in the Suita study group including the follow-up of 2437 participants. In their study, sLOX-1 and LAB (LOX-1 ligand containing apolipoprotein B) were measured. By multiplying both parameters, a LOX-1 index was calculated. The LOX-1 index in the top quartile was associated with stroke (hazard ratio: 1.74) and coronary heart disease (hazard ratio: 2.09). This association was present after adjusting for sex, age, body mass index, drinking, smoking, hypertension, type 2 diabetes mellitus, non-HDL cholesterol, and the use of lipid-lowering drugs. The same interesting findings were seen for ischemic stroke. Compared with the bottom quartile of LOX index, the fully adjusted hazard ratios for ischemic stroke were constantly high from the second to the top quartile: 3.39 (95% CI 1.34-8.53), 3.15 (1.22-8.13 ) and 3.23 (1.24-8.37 ), respectively. This suggests a positive relationship between sLOX-1 and LAB and ischemic stroke. Limitations of this study are the relatively small number of analyzed patients. The number of cardiovascular events did not allow a sex-specific analysis. 42 Markstad et al measured sLOX-1 prospectively in a large cohort (n=4703) in the Malm€ o Diet Cancer study. Patients were analyzed for sLOX-1 on the first hospitalization for acute ischemic stroke and followed-up for 16.5AE3.6 years. The authors showed an increase in sLOX-1 with age and significant associations with CRP, hemoglobin A1c, total cholesterol, LDL and HDL cholesterol, and triglycerides. 22 In particular, the correlation with CRP points toward a role for sLOX-1 in proinflammatory states. 22 This finding is interesting compared with ACS, in which sLOX-1 was not always correlated with cardiovascular risk factors. 25 A major finding of Markstad et al revealed that patients with higher baseline sLOX-1 had higher incidence of ischemic stroke compared with those in the lowest tertile. This effect remained present after adjusting for age, sex, current smoking, diabetes mellitus, waist circumference, systolic blood pressure, LDL cholesterol, triglycerides, and CRP. 22 In the second part of their study, a separate cohort that underwent carotid endarterectomy due to the presence of symptoms (stroke, amaurosis fugax, transient ischemic attack) with >70% stenosis of the internal carotid artery or in patients with >80% stenosis were analyzed. Patients in the highest sLOX-1 tertile with additional carotid artery stenosis had a 2.4-fold higher risk of further ischemic events. This effect remained significant after adjusting for risk factors. 22 The authors concluded that sLOX-1 might become clinically important in patients with established atherosclerosis in carotid arteries. 22 Although this study is the first in a large population with longterm follow-up, no patients with established disease were monitored. 22 This information would help establish sLOX-1 as a prognostic marker for prediction of further ischemic events in the diseased population.
In summary, increases in sLOX-1 have been shown in ischemic stroke and ICH. Overall, sLOX-1 was not able to discriminate between the different types of ischemic stroke in any of these studies and did not reflect the duration of the symptoms. However, most of the studies in ischemic stroke due to atherosclerosis revealed an increase with the severity of disease. A recently published, promising study in patients with carotid artery atherosclerosis found an association of sLOX-1 with higher incidence of ischemic stroke. Therefore, sLOX-1 might be, as shown in CAD, a predictor of plaque stability and vulnerability and a useful parameter in patients with asymptomatic carotid artery stenosis or stroke to predict future events (Figure 3 ). It is most likely that sLOX-1 arises from atherosclerosis plaques in stenotic arteries and is not a consequence of ischemic stroke. To further strengthen these relationships, blood collection at standardized time points in asymptomatic patients and in stroke patients are necessary.
Can sLOX-1 Discriminate Between Patients With AAD or MI?
Acute aortic dissection (AAD) is defined by the disruption of the tunica intima of the vessel wall and provokes entry of blood, intramural bleeding, and the subsequent separation of aortic wall layers. In most cases, an intima tear is the underlying cause that attracts blood cells into the tunica media and leads to formation of a false lumen. Aortic rupture or reentry of blood into the aorta by a second tear are potential consequences. The false lumen thrombus attracts inflammatory cells that promote apoptosis and necrosis of vascular smooth muscle cells, which further worsens vessel wall degeneration. 30 Several studies have demonstrated a role for LOX-1 in induction of apoptosis in smooth muscle cells. 16, 32, 33 In addition, ADAM-17, MMP-2, and MMP-9 21, 49, 50 are involved in the shedding of sLOX-1, and MMPs are key players in the degeneration of extracellular matrix in aortic diseases. 75 Stanford type A aortic dissections affect the ascending thoracic aorta and/or aortic arch. Type B dissections are located within the descending thoracic aorta distal the subclavian artery and/or in the aortic abdominal part. 75, 76 Observational studies revealed that hypertension is the most common comorbidity in AAD. Smoking, chronic renal insufficiency, chronic obstructive pulmonary disease, stroke, and transient ischemic attack were also observed. 30 Diagnosing AAD includes computed tomography or magnetic resonance imaging and, in some cases, transesophageal echocardiography. Computed tomography and magnetic resonance imaging have the highest sensitivity and specificity. 30 Currently, no biomarker is available that helps diagnose AAD. The most studied marker is D-dimer with a low sensitivity and specificity to detect AAD. 30 Myocardial ischemia is present in 10% to 15% of patients with AAD, and 10% show signs of myocardial ischemia on ECG. Besides ECG changes, 25% of patients with type A dissections have elevated TnT levels that may mislead the diagnosis toward MI and thereby delay the diagnosis and management of AAD. 29 On this basis, Kobayashi and colleagues measured sLOX-1 in patients with type A and B concentrations are elevated in hemorrhagic and ischemic stroke. Differentiation into different subtypes revealed elevations in atherothrombic stroke, but no differentiation between cardioembolic and lacunar stroke was possible. In ischemic stroke, sLOX-1 was not able to discriminate between patients with transient ischemic attack (TIA) or carotid artery atherosclerosis. However, patients with higher sLOX-1 levels have an increased risk of stroke. Figure AAD (n=19) and with NSTEMI (n=39). Patients without significant coronary artery stenosis who underwent CAG served as controls (n=35). The authors found that sLOX-1 was significantly elevated in AAD and NSTEMI, and levels in AAD were significantly higher than in NSTEMI. In contrast, TnT was elevated in NSTEMI only and did not show any differences between controls and AAD. 41 Overall, sLOX-1 clearly separated patients with AAD from controls. Effects on separation of AAD and NSTEMI were comparable to TnT. 41 Limitations of this study were the rather low number of patients 41 and the discussed "add-on" to D-dimer that was not analyzed in this study. In summary, sLOX-1 could be an interesting biomarker to support the diagnosis of AAD; however, further studies including more patients and comparisons to imaging techniques are required.
Conclusions
This review summarized findings on sLOX-1 in CAD, MI, stroke, and AAD. The majority of studies analyzed patients with stable CAD and ACS in whom sLOX-1 peaked earlier than markers of cardiomyocyte injury. Consequently, sLOX-1 might be a marker for plaque stability and vulnerability. A combination of sLOX-1 and novel imaging techniques for evaluating plaque morphology and fibrous cap thickness may provide novel opportunities for assessing plaque vulnerability in high-risk patients with stable CAD or recurrent MI. Elevations in sLOX-1 were found in ischemic stroke and ICH, but no discrimination between the different subtypes and the duration of stroke symptoms was possible. Yet missing time courses of sLOX-1 levels in patients with previous stroke and their follow-up for future events are necessary. In addition, time courses of sLOX-1 release during onset of symptoms, half-life time, and clearance must be evaluated. In aortic disease, sLOX-1 may also support discrimination between patients with AAD and NSTEMI because its levels were higher in AAD and its sensitivity and specify to detect AAD were comparable to TnT. However, analyses in larger cohorts of patients are required, and comparisons to standard imaging techniques are necessary. In summary, sLOX-1 could be a useful marker for assessing plaque stability and vulnerability in CAD and carotid artery stenosis.
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